The luminous efficiency of radiation (LER) and colour rendering indices (CRIs) are two key technological parameters for white light-emission diodes (WLEDs), but there is always a trade-off between them, especially between LER and R9 (the 9 th CRI for red colour 
A. Introduction
Currently, WLEDs are attracting great interest in both academic and industrial communities because they promise energy savings, high efficiency, robustness, environmentally friendliness and long lifetimes compared to traditional incandescent bulbs and uorescent tubes.
1,2 They are now rapidly penetrating into the lighting and display markets and contributing greatly to the greenhouse reduction and environment protection. For WLEDs, two of the most important parameters are LER and CRI, which are used to characterize the luminous efficacy and colour rendering properties, respectively. 3 However, there are tradeoffs between LER and CRI as they have different requirements for spectral congurations, i.e., increasing the one will compromise on another. 4 Therefore, to reduce the trade-off between them is a big challenging and highly pursued topic for scientists and engineers. As to CRIs, Ra is usually used to evaluate colour rendering of a light source compared with colour reproduction under natural daylight, which is obtained by averaging the values of the rst eight special colour rendering indices of unsaturated colour samples (R1-R8).
5
WLEDs having Ra greater than 80 are acceptable for most lighting applications. However, only Ra is not enough to represent the colour quality, typically in the case where deep-red colour is prevalent in the hues such as lighting meat, sh, vegetables and fruits in supermarket, artwork in gallery, clothes in display windows, human skin and surgical procedures. 5, 6 In these lighting applications, besides Ra the R9 index, representing a saturated red colour, needs to be given to accurately render colour red. 7 To bring out the richness red and provide a reasonable rating system with respect to light quality, WLEDs with both high Ra and R9 are required and getting much more attentions nowadays.
8 Therefore, to greatly enhance R9 and Ra without sacricing the luminous efficacy of WLEDs is greatly demanded for superior high light quality.
The most common way to produce WLED is to combine a yellow (Y,Gd) 3 (Al,Ga) 5 O 12 :Ce 3+ phosphor with a blue LED chip, which is also named as one-phosphor-converted (1-pc) WLEDs. This type of WLEDs usually exhibits a high luminous efficacy, but has a low Ra (<80) and a negative R9 due to the deciency of red component in the spectral distribution. 9 To obtain high CRIs, multi-phosphors-converted WLEDs have to be considered, in which red phosphors, such as (Ca,Sr,Ba) 2 . SCASN was mainly used to increase the color rendering properties whereas KSF was added to enhance the luminous efficacy. We investigated the variations of LERs, Ra and R9 with increasing the KSF/SCASN ratio, and demonstrated that both high LER and CRIs could be realized by the proposed strategy.
B. Experimental details
LuAG:Ce 3+ was purchased from Nakamura-Yuji Co. (Beijing, China). It has a particle size of 6 mm. LuAG:Ce 3+ exhibits an emission peak at 542 nm and an external quantum efficiency of 83% under 460 nm excitation (Fig. 1). SCASN (Fig. 1) . As seen Fig. 2 , a negligible spectral overlap occurs between the excitation spectrum of KSF and emission spectrum of LuAG, whereas a large spectral overlap is seen between SCASN and LuAG. Warm WLEDs with the correlated colour temperature of $3000 K were prepared by coating the blue InGaN LED chip (purchased from San'an Optoelectronics CO., LTD, China) with the phosphors blend of LuAG, SCASN and KSF. The CIE coordinates of the prepared WLEDs were x ¼ 0.434-0.439 and y ¼ 0.402-0.409. The epoxy resin, such as Dow Corning@OE2140 (Tokyo, Japan), was used for LED packaging. As given in Table 1 , both the amounts of LuAG and SCASN were xed while the amount of KSF was varied. The spectra of WLEDs were measured by a spectroradiometer (LHS-1000, Everne Co., Hangzhou, China). The spatial radiation spectrum was recorded by a goniophotometer (LED626, Everne Co., Hangzhou, China) under a DC current 60 mA and DC voltage 2.925 V at room temperature. Fig. 3 shows the emission spectra of WLEDs using the phosphor combination of either LuAG and SCASN or LuAG and KSF. The LER of SCASN-loaded WLED is a little bit higher than that of KSF-loaded WLED (95.0 vs. 92.4 lm W À1 ). This enhancement is mainly attributed to the sequential emission spectra of SCASN and a larger portion of spectral region close to the eye sensitivity curve. Moreover, the SCASN-loaded WLED yields much higher CRIs (Ra ¼ 83.7 and R9 ¼ 16.6) than the KSF-loaded WLED (Ra ¼ 60.9 and R9 ¼ À28.2). However, these CRIs, typically R9, are too low to be acceptable for high quality lighting applications, indicating that using a single red phosphor cannot realize superior CRIs with both high Ra and R9 (except for using an extremely broad red phosphor in ref. 22) . To further increase the CRIs, adding KSF into the phosphor blend of LuAG and SCASN to greatly enhance the red spectral part longer than 630 nm is attempted.
C. Results and discussion
As seen in Fig. 4 , the addition of KSF makes a minute variation in the green and red spectral region (500-600 nm), but yields obvious changes in the red spectra part of 600-680 nm in the spectral power distribution (SPD) of WLEDs. With increasing the amount of KSF, the luminous intensity of several narrow peaks enhances dramatically, owing to the strong absorption and high conversion efficiency of blue light of KSF. Oppositely, the luminous intensity of SCASN decreases correspondingly, leading to a small reduction in the intensity of the red continuous spectrum. These variations denitely change the luminous efficacy and colour rendering properties of WLEDs.
Calculations were carried out to explore the factors that affect CRIs, as given in the Chart 1. DE i is the color difference of 14 selected Munsell samples illuminated by test light and the standard light. Ra and R i are the average of the rst 8 color rendering indices and the special color rendering index of each sample, respectively. DE i is closely related to the inner product of the test spectral power distribution and the spectral reex-ivity of red samples. As shown in Fig. 5a , one can nd that the calculated Ra shows a similar tendency and approximately coincides with the experimental one. The WLED with uniformly distributed luminous intensity would have a great Ra in the visible region. Owing to the characteristic spectral power distribution with enhanced intensity in the red part spectral, Ra increases continuously with increasing KSF, and reaches a maximum (calculated: 93.8, experimental: 96.9) for sample G. Fig. 5b presents the measured R9 and the spectral luminance factor of R9. Similar to Ra, R9 shows the same trend as the amount of KSF increases, and reaches a maximum of 95.8 for sample G. As seen, the spectral luminance factor of R9 is close to zero when the wavelength is below 600 nm. With the adding of KSF, several strong sharp emission peaks appear at 613, 631
and 647 nm, which dramatically supplement the red spectral part. As a result, R9 advances with the degradation of DE 9 . It thus validates the feasibility of using additional KSF to improve R9 of WLEDs. However, the decline of R9 with further increasing KSF is due to the increased optical loss such as scattering loss, total internal reection loss and Fresnel loss that exceeds the spectral improvement. LER is derived via the ratio of the number of luminous ux and the input power, manifesting the capability of converting input current into white light.
Where f is luminous ux, P is the power of input, K m is the luminous efficacy of radiation (about 683 lm W À1 ), and V(l) is the 1924 CIE relative luminous efficiency function of photopic vision that is dened in the visible range of 380-780 nm (shown in the inset of Fig. 6 ), S(l) is the spectral power distribution of WLED. 30 As seen in Fig. 6 , the luminous efficacy of WLEDs increases initially as the amount of KSF increases, and then stabilizes at 115-118 lm W À1 even if KSF is continuously added.
The increment of LER could be ascribed to the facts that (i) in the beginning the addition of the KSF does not lead to large optical loss that reduces LER; (ii) according to eqn (1), the luminous ux is weighted by the luminous efficiency function of photopic vision. The emission intensity near the eye's response curve increases with the addition of KSF, leading to the increasing luminous ux; (iii) less re-absorption occurs for KSF, and the green light contributing dominantly to LER does not loss. With further increasing KSF, the luminous efficacy does not change nearly, ascribing to the balance between the increasing optics loss and the enhancing red spectral part of KSF. 
D. Conclusions
In summary, the trade-off between luminous efficacy and colour rendering indices of WLEDs is greatly alleviated by using the dual red phosphors consisting of a broad band SCASN and a narrowband KSF. That combining a single red phosphor of either SCASN or KSF with LuAG leads to high LER but low R9. With the dual red phosphor strategy, both the luminous efficacy and colour rendering indices increase obviously, and reach the maximum of LER ¼ 115 lm W
À1
, Ra ¼ 96.9 and R9 ¼ 95.8. The increments of LER and CRIs are attributed to the enhanced red spectral part in the range 600-680 nm and the absence of re-absorption of KSF. The WELDs with both high LER and CRIs prepared in this work are expected to be used in a broad range of lighting applications. 
